Influence of temperature on the viscosity of honeys was analysed in the present work. The viscosity value decreased with the increase of temperature. The effect caused by temperature in the range studied was more important in the low range of temperature, whereas at high temperature, the viscosity showed less variation. Water activity and glass transition temperature was determined to relate these characteristics. Four experimental viscosity models were checked using the experimental data to correlate the influence of temperature upon honey viscosity.
INTRODUCTION
Rheological properties of food materials are very useful in their processing and storage processes [1] because viscosity is an important physical property that correlates with other physicochemical and sensory properties. [2] Several studies have been reported in the last decade to connect the viscosity of different honeys at different shear rates or temperatures. [3] [4] [5] Water content is one of the main factors influences the preservation of the honey's quality or its storage and for this reason it has been studied in a numerous number of papers. [6, 7] Viscosity is an important property in food materials; however, honey viscosity had not been studied deeply until the last decade. Another factor that determines the honey viscosity is its temperature. As temperature increases, viscosity falls, due to less molecular friction and reduced hydrodynamic forces. [8] The viscosity-temperature connection can be described by different equations employed in several studies (i.e., Arrhenius model [5, 8, 9, 10] , Williams-Landel-Ferry (WLF) model. [9, 10] The simplest equation to describe temperature dependence of viscosity is the Arrhenius equation, however in certain food systems show difference between the model and the experimental data. For these deviations, other models previously commented have been studied in the last years. Several studies have shown the importance of the VTF and WLF equations because both models includes the glass transition temperature as reference temperature that could be easily determined by certain experiments but the main difficulty of these equations to evaluate the viscosity of the sample at the glass transition temperature. [11] The rheological behaviour of honey and the influence of temperature have been investigated for proper handling, packing and processing issues. [12] The viscosity of honey, like many other physical properties, depends on many factors including composition and temperature. In present work, the influence of temperature in a wide range, upon apparent viscosity of different honeys has been studied to analyse the behaviour of several important models to correlate this kind of experimental data.
MATERIALS AND METHODS
The honey varieties used (11 samples) were obtained from Spanish local markets with the guarantee of origin and quality "miel de Galicia" (Galician honey). Before being used they were warmed up to 55°C to dissolve any crystals, and kept in flasks at 30°C to remove air bubbles which could interfere in rheological studies as Mossel et al. recommended. [8] An Anton Paar DV-1P digital thermostated rotational viscometer with two coaxial cylinders was used to carry out the rheological measurements. The rotational viscometer was connected to a thermostat-cryostat (Selecta Frigiterm) to maintain a constant temperature. The honeys viscosity was determined taking into account temperatures that ranged from 7-55°C. The experimental shear rate range employed in present work was varied mainly on function of the temperature used for each experiment.
The honey moisture was determined using a refractometric technique: an Atago RX-5000 refractometer reading at 20°C, obtaining the corresponding percentage of moisture from the Chataway data. [13] Before doing the measurements, the refractometer was calibrated using distilled-deionised water in accordance with the instrument's instructions. Water was circulated into the instrument through a thermostatically controlled bath, kept constant at ± 0.1°C. The refractive index measurements were done after the honey reached the refractometer's constant temperature. This procedure was repeated at least three times and the average of these readings was taken for the experimental values. The value of Brix grades was also obtained using the same apparatus.
The samples water activity (a w ) was measured at 20°C using an Aqualab CX-2 water activity meter (Decagon Devices Inc., Pullman, WA, USA). The determination of water activity values was performed twice: before and after the heating of the samples at 50°C for 1 hour. This heat treatment was carried out to dissolve crystals or nuclei, which might be present in honey and could influence the system water activity.
The glass transition temperature was measured with a differential scanning calorimeter (Mettler-Toledo). The instrument was calibrated with indium. For the differential scanning calorimetry (DSC) studies, the honey samples (40-50 mg) were rapidly cooled with liquid nitrogen to values near to -100°C, held for five minutes before heating them to 30°C at 20°C/min. The glass transition temperature was calculated using experimental data obtained in the DSC equipment, as the onset temperature.
RESULTS AND DISCUSSION
The types of honeys employed in the present study have been analysed in a previous paper of our research group in relation to the classification of these fluids as regards their flow behaviour. [14] Table 1 summarizes the more important characteristics of honeys employed in present work such as water content and water activity, and degree Brix for each sample. The types of honey analysed in this study were included in the specific designation (guarantee of origin and quality) "miel de Galicia", and the samples analysed in the previous study allowed us to conclude that these fluids have a non-Newtonian behaviour, a shear thickening behaviour to be more precise (see Fig. 1 ). [14] This conclusion is in accordance with other previous studies developed by different researchers. [15] In other studies, however, honeys from other geographical origins were considered as Newtonian fluid type. [10] In our study, the non-Newtonian behaviour (influence of shear rate upon shear stress or apparent viscosity) has been observed only at relatively low values of shear rate. This is because at high values of this independent variable, the influence upon the apparent viscosity is very low and it is considered negligible.
The aim of the present study was to analyze the effect produced by temperature upon the value of honey viscosity in this kind of samples. To carry out this study, the honey viscosity has been determined at a constant value of shear rate (1.4 s −1 ). Other researchers have developed studies related to the effect of thermal treatments and temperature upon the viscosity of honeys from different origins, as well as on other foods, [16, 17] but these studies use mainly the Arrhenius or the WLF model to fit the experimental data regards the influence of temperature upon the apparent viscosity. Present work tries use different equations to fit the experimental obtained viscosity data to check these models. Examples of the experimental results obtained from several honeys employed in the present study are shown in Fig. 2 for three different samples of honey. In Fig. 2 , it is possible to observe that an increase in temperature produces a clear decrease in the value of viscosity, which has a dramatic decrease in the low range of temperature. Similar results have been obtained in different studies. [18, 19] It could be observed that at high values of temperature (in the studied range) the viscosity of these honeys takes practically constant similar values, since the effect of temperature at high values is low. Different studies earlier used several models. These allowed to fit the experimental data of viscosity versus temperature for different food systems, with different success in the results. The other three models include in their expressions one highly interesting parameter in lots of research fields, called glass transition temperature, T g . The methodology employed to calculate this parameter was described in the Experimental Section. Figure 4 shows an example of the analysis performed using differential scanning calorimetry for some honeys employed in the present paper. The behaviours observed in these analyses are similar to the previous ones obtained by other authors. [10] Using the experimental data present in Fig. 4 it is possible to calculate the value of T g for each honey. Glass transition temperature data determined for the samples analysed in the present paper shows similar values, since the water content of these honeys is also similar with values near to -40°C. Previous studies have proved the great influence of water content upon the T g value, [15] concluding that this dependence is due to the water forms and different kinds of interactions. Figure 5 shows the effect of water content on the basis of water activity value for each honey sample. The observed effect is similar to the previous one observed by Lazaridou et al. [16] with a decrease in the glass transition temperature when the water content in honey increases.
The determination of T g for all the honeys studied in this work has allowed to employ fit models previously presented of viscosity experimental data versus temperature. Figure 6 shows the behaviour of these models in relation to the experimental data for two honeys. Taking into account the behaviours observed in figure 6 and the rest of honeys analysed in the present work, it is possible to conclude that the best results have been obtained using the power law model, although Arrhenius model shows good results. Table 2 shows the fit parameters corresponding to the four models employed to fit experimental viscosity data for all the honey samples, as well as the standard deviation of each model. In relation with fit parameters corresponding to each model employed in present work, similar values have been obtained in previous works [10, 11, 15, 18] for these correlations when other kinds of honeys.
An average absolute deviation was used in order to compare the experimental data of viscosities to the predictions corresponding to the different models previously listed, and the global results show that power law equation allows calculate the value of viscosity of honeys at different temperature with suitable results. Recondo et al. [11] reached the same conclusion regards the suitability of power law equation but other studies analysed in present work recommend the WLF model to fit this kind of experimental data. [18] 
CONCLUSION
The studies carried out in the present work indicated that the effect of temperature upon the viscosity of Galician honeys was prominent, and it is necessary to take into account this variable when the operation temperature is under 25°C, since below this value a small variation in temperature produces high changes in the viscosity value. On the other hand, different models to fit experimental values of viscosity/temperature have been proved. The glass transition temperature was determined necessarily since several models include this parameter in the equation, because it provides important information related to the viscosity value. All the models show a good behaviour but the best results were obtained using the Arrhenius one. 
